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Introduction
Potato is one of the most common vegetables in our daily life. Not only does it have protein that is similar to animal protein (better than soy protein), but it also contains some macro and trace elements that are not found in some vegetables and fruits (Alonso et al., 2001; Zeng et al., 2015) . Thanks to its rich nutrition, nice flavor and low price, potato has been very popular among the majority of families. In order to alleviate the current food shortage in China, research has been carried out actively in various places on potato as staple food (Bao et al., 2013; Kim et al., 2013) , and a series of potato products have been developed, including potato cakes, noodles and buns (Chen, 2009; Zhang et al., 2013) , which are very popular among consumers. Sichuan is a major potato producing province, with the total potato planting area ranking the fourth in China, and the total output ranking the first. In this province, Liangshan Prefecture is one of the main producing areas due to the great variety, excellent flavor and aftertaste of potatoes there (Huang et al., 2018) . Liangshan Yi Autonomous Prefecture has now established standardized potato production bases, with four indicators -planting area, output, commodity volume and economic benefit ranking the first in the province, thus providing a good platform for potato research (Xie, 2014 The differential thermal analysis method is a test method that consumes only a small amount of samples, requires only simple operations and produces images which are easy to understand and analyze (Ike, 2018; Stenseng et al., 2001) . It has been widely applied in the chemical industry to explore a series of physical, chemical or physicochemical changes in the heating process of samples (Zhao, 2005) , such as weight loss, crystal structure changes, oxidation and thermal decomposition, etc., which has further promoted the development of the chemical industry. In recent years, through continuous improvement and correction by many researchers, the differential thermal analysis method has been gradually applied to other fields, showing its advantages such as short test time, simple operation and accurate results . If a sample and a reference material are heated at the same time, when the sample exhibits physical, chemical or physicochemical changes, the thermal effect will also change, resulting in a certain temperature difference between the sample and the reference material. This method, which determines the correlation between the sample-reference temperature difference and the time or temperature under the programmed temperature, is what we call the differential thermal analysis method.
The thermal decomposition kinetics study of potato powder by the differential thermal analysis method can help manufacturers better understand the thermodynamic properties of potato powder so that they can better utilize it during processing to increase its added value, improve the economic benefits of potatoes and thus drive the prosperous development of the potato industry in Liangshan and make relevant industries more standardized and internationalized (Fan et al., 2015) .
Materials and methods

Test materials
The fresh potatoes were acquired from a produce market in Anning Town, Xichang City, Liangshan Prefecture, Sichuan Province.
Instruments and conditions
DTG-60 differential thermal-thermogravimetric analyzer ( Fig. 1) , produced by Shimadzu. The atmosphere condition for the test was static air; the reference material was an empty ceramic crucible; and the temperature rise range was 25~600 °C. 
Test methods
In this test, according to the differential thermal analysis method, the atmospheric condition was set to be static air in the program, then the test conditions were changed by changing the heating rate or sample mass. In this way, different differential thermal analysis maps were obtained. Then the DTA curves obtained were analyzed and compared to determine the optimal test conditions for the potato powder thermal analysis. Under the optimal test conditions, the sample potato powder was subjected to thermal analysis and an image obtained, and then the image was subjected to thermogravimetric and differential thermal analysis. After analysis, calculation and collation of data, the activation energy value E and the pre-exponential factor value A of the thermal decomposition reaction of potato powder were calculated using the Coats-Redfern integration method.
(1) Preparation of materials
The process flow is as follows: Sampling→pre-treatment→pulping→filtering→drying→grinding→sieving (80 meshes)
The moisture content of the dried potato sample was controlled to 13.5% or less. The determination of the moisture content was carried out by reference to GB 5009.3-2016.
(2) Condition experiments
The compatibility and thermal stability of the energetic materials can be reflected directly by the characteristic quantities in the thermal analysis such as the heat change ΔH, the initial temperature T0, the final temperature Te, the peak temperature Tp and the weight loss Ml, etc. or the kinetic parameters further obtained from these quantities (Song and Wu, 2016) . The heating rate β and the sample size m may both have some effects on these characteristic quantities, which adds a lot of uncertainty to the experiment. Therefore, it is necessary to analyze the DTA curve, including the peak time, shape and smoothness, so as to obtain the optimal thermal analysis conditions for potato powder. In this experiment, two groups of single-factor tests were designed, to measure the effects of different masses (6 different masses) and of different heating rates (4 different heating rates) on the DTA curve of potato powder.
(3) Determination of the kinetic equation
Obtain a complete and smooth thermogram of the peak through the single-factor test. Measure the weight loss rate under each temperature range through the thermogravimetric curve, and then select the appropriate mechanism function G(α). Based on the straight line relationship of with , find the linear regression equation of the curve with a good linearity (R 2 is the closest to 1), and then calculate the activation energy E and the pre-exponential factor A which are closest to the true values using the slope and intercept of the linear regression equation (Ghaly et al., 2005) .
Results and discussion
Effects of different thermal analysis conditions on the thermal decomposition of potato powder
The results obtained by differential thermal analysis are usually affected by the physical and chemical properties of the material being tested, the precision of the instrument, the samples used and the test conditions, among which, the conditions for thermal analysis have significant effects on the obtained thermogram. In this http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1704_94259436  2019, ALÖKI Kft., Budapest, Hungary experiment, two groups of single-factor tests were carried out in the static air atmosphere, aiming to explore the effects of different sample masses and heating rates on the peak of the thermogram.
(1) Effects of sample mass on the thermal decomposition process of potato powder
For some energetic materials, the mass of a sample has little or no effect on the characteristic quantities of thermal decomposition temperature, but for others, it does on certain characteristic quantities. To investigate the effect of sample mass on the thermal decomposition image of potato powder, 6 tests were performed, with the sample mass changing in a gradient manner, as shown in Figure 2 .
It can be seen from Figure 2 that there are two distinct endothermic peaks in the thermographic curves of potato powder with different masses. Under some heating rates, a small endothermic peak can be seen before the main reaction zone. The peaks generally show the same trend, indicative of the common thermal characteristics of potato powder. It is not hard to conclude that when the sample mass increases, the peak area will become larger and the error will increase due to the longer reaction time recorded by the instrument. It can be seen that when the mass of the test sample was 2.695 mg, the peak shown was better separated from those in the cases of other masses, and was sharp with a great intensity and a small area. Since DTG-60 is a highly sensitive instrument, if the sample size is too large, it will exceed the measuring range and contaminate the instrument. Therefore, the minimal sample mass that can be identified by DTG-60 should be used as long as it can ensure good separation effect, peak intensity and peak shape (Chen et al., 2001) . The effects of the heating rate β on the characteristic quantities of thermal analysis are not only reflected in the changes in the peak area, but also in the position of the peak http://www.aloki.hu • As can be seen from Figure 3 , there is a large endothermic peak in all the thermographic curves of the potato powder, and all the peaks have basically the same characteristics. The differential thermal scan of each sample showed good reproducibility, indicative of the common thermal characteristics of potato powder. The faster the heating rate β is, the shorter the reaction time of the sample will be recorded by the instrument DTG-60, the sharper the peak will become and the greater the distance will be between the decomposition and equilibrium conditions of the sample particles (Chakraborty, 2015) , thus resulting in a baseline drift and making the two adjacent peaks overlapping. This will reduce the resolution and make the instrument less sensitive. On the contrary, the slower the heating rate β is, the smaller the drift of the baseline will be, and the closer the system will get to the equilibrium conditions. In this way, the peak will be shallower and wider and can be better separated with the adjacent one, thus improving the resolution of the thermogram. However, it will take a longer time to determine the sample. In summary, the optimal heating rate obtained for this experiment is 15 °C/min.
Figure 3. Differential thermal-thermogravimetric curve of potato powder under different heating rates
Through analysis the characteristic quantities in the thermogram, such as peak time, shape and smoothness, it can be concluded that the peak shape was the best when the sample mass was 2.695 mg and the heating rate 15 °C/min. The main peak was also sharp and smooth when the heating rate was 20 °C/min, but the instrument was less sensitive as the heating rate was fast (Xu et al., 2017) . In summary, when the sample mass was 2.695 mg and the heating rate 15 °C/min, the thermogram will be easier and more effective for thermal analysis. http 
Analysis of the thermal decomposition process of potato powder
Through the above condition tests, it is found that the thermogram obtained was the best for thermal analysis when the sample mass was 2.695 mg and the heating rate 15 °C/min. This thermogram ( Fig. 4) was then used in this research to investigate the thermal decomposition process of potato powder, calculate the kinetic parameters and determine the kinetic equation.
As can be seen from Figure 4 , the thermal decomposition process of potato powder consists of four stages and produces a small amount of residual ash.
Figure 4. Optimal thermal analysis map
Stage 1 is 316.68~425.11 K (43.53~151.96 °C). It is generally considered that the part before 400 K (128.55 °C) is the water loss process, so Stage 1 is mainly the weight loss process (Wu et al., 2002) .
Stage 2 is 425.11~559.18 K (151.96~286.03 °C). It is the transition stage of the thermal decomposition of potato powder, where the potato powder has stable properties, so it is the safe temperature range for food processing.
Stage 3 is 559.18~593.90 K (286.13~320.75 °C). Part of the small molecule substances begin to undergo the thermal decomposition reaction, so it is the initial stage of the whole reaction.
Stage 4 is 593.90~654.02 K (320.75~380.87 °C). It is the main reaction stage of thermal decomposition. It is generally believed that the test sample is internally restructured in this temperature range, producing mainly small molecule compounds and vaporizable macromolecules that exhibit significant weight losses. The relevant data are shown in Table 1 . 
Determination of the thermal decomposition kinetic mechanism function
The Coats-Redfern integration method has been widely used in thermal decomposition kinetics studies, as it can well reflect the mechanism of the thermal decomposition reaction. In the kinetic data processing, this paper also adopted this method to calculate the kinetic parameters and the kinetic equation for the thermal decomposition process of potato powder. The equation is derived as follows using the Coats-Redfern integration method (under nonisothermal conditions):
According to the mass equation, the reaction rate equation can be expressed as Equation 1:
where α is the conversion percentage, , also called the conversion rate; m is the sample mass, m0 the initial reaction mass and mf the final reaction mass; T is the temperature; k is the constant of reaction rate; f(α) is the differential form of the kinetic mechanism function. The Arrhenius equation is Equation 2:
where A is the pre-exponential factor; E the activation energy, J/mol; R the molar gas constant, 8 In order to calculate the activation energy E and the pre-exponential factor A of the potato powder more accurately, the experimental data of four mechanism functions commonly used for the calculation of starch activation energy were listed below and compared to find out the linear regression equation with the best linear fit (Eqs. 7-10):
(Eq.7) (Eq.8) (Eq.9) (Eq.10)
(1) Kinetic analysis on the major stages of thermal decomposition of potato powder
The main stage of the thermal decomposition of potato powder is the main reaction stage as most of the changes in the material occur in this temperature range. Relevant kinetic data in the main stage of the thermal decomposition are listed in Table 2 (Yue et al., 2012) .
Draw the scatter plot of and , as shown in Figure 5 . From the above four mechanism functions and the scatter plot of , it can be seen that the linear regression equation has a low linear fit, so the main reaction stage does not conform to the first-order kinetic equation, which requires further discussion.
(2) Kinetic analysis on the initial thermal decomposition stage of potato powder
The initial stage of the thermal decomposition of potato powder, where the internal small-molecule substances of the potato begin to undergo thermal decomposition, marks http://www.aloki.hu • the change of potato powder properties. The kinetic data of the thermal decomposition of potato powder at the initial stage are listed in Table 3 .
Draw the scatter plot of and , as shown in Figure 6 . Figure 6 . Scatter plot of and in the initial reaction stage From the above four mechanism functions and the scatter plot of , it can be seen that, when , the correlation coefficient is 0.9897; when , it is 0.9893; when , it is 0.989; when , it is 0.9883. So the linear regression equations obtained based on the above four mechanism functions all have a good linear fit and conform to the first-order kinetic equation. And when , the linear fit is the best; in other words, if is adopted, the activation energy value E and the pre-exponential factor value A calculated will be closer to the true values. 
Determination of the thermal decomposition kinetic parameters and calculation of the kinetic equation
Since the main reaction stage does not conform to the first-order kinetic equation, the following section only analyzes the initial stage of the entire reaction.
Through the linear relation analysis of and , it can be seen that the linear regression equation is y = -40872x + 55.085. By the Coats-Redfern integral method, it can be found that the slope is and that the intercept . From , it can be concluded that the activation energy E = 339.810 kJ/mol, and from , the pre-exponential factor can be obtained, which is A = e 75.32 . From , it can be deduced that , so the kinetic equation for potato powder is: .
Conclusions
(1) Under different sample masses and heating rates, the areas and time of the peaks in the thermograms of the potato powder are significantly different. Through condition tests, it is found that the optimal test conditions for the thermal decomposition of potato powder include a heating rate β of 15 °C/min and a sample mass of 2.695 mg.
(2) Through the analysis of the thermal decomposition process of potato powder, it can be concluded that the weight loss of potato powder occurred in the temperature range of 316.68~425.11 K (43.53~151.96 °C). When the temperature exceeded 559.18 K (286.03 °C), the potato powder started to experience thermal decomposition.
(3) Through the above analysis, it can be seen that, when , i.e. when the Coats-Redfern integral equation is , the activation energy value E and the pre-exponential factor value A obtained are the closest to reality. Through the above calculations, it can be found that the thermal decomposition kinetic parameters of potato powder are as follows: the activation energy E = 339809.81 J/mol
